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Abstract

Glioblastoma, the most common and aggressive adult
brain tumor, is characterized by extreme phenotypic diversity
and treatment failure. Through fluorescence-guided resection,
we identified fluorescent tissue in the sub-ependymal zone
(SEZ) of patients with glioblastoma. Histologic analysis and
genomic characterization revealed that the SEZ harbors
malignant cells with tumor-initiating capacity, analogous to

cells isolated from the fluorescent tumor mass (T). We
observed resistance to supramaximal chemotherapy doses
along with differential patterns of drug response between
T and SEZ in the same tumor. Our results reveal novel insights
into glioblastoma growth dynamics, with implications
for understanding and limiting treatment resistance. Cancer
Res; 75(1); 194–202. �2014 AACR.

Introduction
The basis of phenotypic diversity and treatment failure in

human glioblastoma is poorly understood. Murine models of
gliomagenesis point to sub-ependymal neural stem cells (NSC) as
a putative cell of origin for astrocytic tumors. The stepwise
premalignant loss of tumor suppressors p53, NF1, and PTEN
(1, 2) has been shown to lead to the development of an aggressive
disease characterized by resistance to genotoxic injury (3).

In addition, stratifying patients using transcriptional profiles
derived from a large cohort of glioblastoma single-tumor samples
(4) has identified multiple disease subtypes, which may have

prognostic significance (5, 6). However, emerging data on geno-
mic intratumor heterogeneity in glioblastoma indicate spatial
segregation of genetically distinct clones in the same tumor
(7), making the interpretation of single-sample tumor data chal-
lenging. Importantly, this may contribute to the pervasive failure
of treatment in patients with glioblastoma.

Clinical trials have established that use of a fluorescence bio-
marker, 5-aminolevulinic acid (5-ALA), can enhance the surgical
resection of glioblastoma (8).We have demonstrated the use of 5-
ALA in a fluorescence-guided multiple sampling (FGMS) strategy
that permits real-time spatially segregated tumor sampling during
surgery (7, 9). Combining visible fluorescence with neuroanato-
my allows for the objective distinction of the tumor mass T
(visible fluorescent). Importantly, a spatially distinct and visibly
fluorescent sub-ependymal zone (SEZ) can also be identified in a
subset of patients with glioblastoma.

Here, we report an integrated genomic analysis of SEZ and T
samples, obtained by FGMS, which reveals that malignant cells in
the SEZ contribute to tumor growth. Functional characterization
confirms that the SEZ contains tumor-initiating cells (TIC) that
can recapitulate the disease in orthotopic patient-derived xeno-
geneic models in a manner similar to TICs isolated from the
corresponding T. TICs in the SEZ contribute to resistance to
chemotherapy and show differential patterns of response when
compared with T of the same patients.

Materials and Methods
Glioblastoma sample collection

Patient informed consent was obtained through our research
clinic (10). Tissue collection protocols were compliant with the
UK Human Tissue Act 2004 (HTA Licence ref 12315) and
approved by the Local Regional Ethics Committee (LREC ref.
04/Q0108/60). No difference in 5-ALA labeling capacity was
observed among patients. See Supplementary Experimental
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Procedure for details on 5-ALA administration and sample
collection.

Quantitative real-time PCR analysis
Total RNA was extracted from T and SEZ tissues using TRIzol

(Invitrogen) according to the manufacturer's instructions. RNA
was treatedwithDNase (Qiagen) and cDNAwas synthesized from
5 mg of total RNA using Random Primers (Invitrogen), and a
Superscript III First-Strand Synthesis System for real-time PCR
(RT-PCR; Invitrogen). The RT-PCR for Nestin, Gfap, Sox2, and
MIB1 transcripts was performed using CFX96 RT-PCR (Bio-Rad),
RT2 qPCR Primer Assay and SYBR Green Master Mix (Qiagen)
according to the manufacturer's instructions. 18S was used as the
housekeeping reference. Relative expression quantification was
performed by the DDCt method. Experiments were performed in
triplicate and each experiment was repeated three times.

Cell line derivation and implantation
Cell cultures from T and SEZ of 42 patients were established

from patients with glioblastoma undergoing surgery at Adden-
brooke's Hospital, Cambridge, in 2010 to 2012. The cells were
isolated as described previously (9, 11, 12) and used either
uncultured (primary) or propagated in vitro for two passages
(briefly cultured) in serum-free medium. The U87 cell line was
obtained from the ATCC, cultured according to the supplier's
recommendations and used just after resuscitation. Tissue collec-
tion to establish HFNSCs was approved by the Local Regional
Ethics Committee. Cells were established in 2011 and grown in
serum-free medium to form neurospheres and used at early
passage. All the cell cultures have been tested for Mycoplasma
contamination by PCR before use. See Supplementary Experi-
mental Procedure for details on cell propagation, immunofluo-
rescence, and in vivo experiments.

DNA and RNA extraction
DNA from T and SEZ tissues of 14 patients with glioblastoma

was extracted for copy-number analysis using the DNeasy Blood
and Tissue Kit (Qiagen). RNA from T and SEZ tissues of 15
patients with glioblastoma was extracted for gene-expression
analysis using TRIzol (Invitrogen) and cleanedupusingMiniElute
columns (Qiagen). See Supplementary Experimental Procedure
for details on copy-number and gene-expression analysis. Copy-
number results were validated by FISH as described in the Sup-
plementary Experimental Procedure.

Drug treatment assay
Treatment with temozolomide, cisplatin, and cediranib was

evaluated using the in vitro BrdUrd cell proliferation assay (Milli-
pore). A total of 3�103 cellswereplated in triplicate per treatment
condition. Control wells for temozolomide, cisplatin, and cedir-
anib are shared as these treatments have been applied in the same
experiments. One day after plating, the treatment was applied for
3 days. BrdUrd was applied in the final 24 hours of the treatment.
Each experiment was repeated three times. See Supplementary
Experimental Procedure for details on drug concentration.

MGMT promoter methylation
Analysis of MGMT promoter methylation was performed by

PCR (13) and by pyrosequencing (14). In brief, DNAwas bisulfite
converted and subsequently subjected to PCRs using specific
primer pairs for the methylated or the modified unmethylated

DNA. PCRproductswere resolved in a 2%agarose gel stainedwith
SybrSafe. See Supplementary Experimental Procedure for further
details.

Phylogenetic reconstruction
Multiple spatially separated samples taken from each glioblas-

toma were collected to reconstruct the phylogenetic relationship
between the tumor and the SEZ using copy number profiles and
molecular clock analysis. See Supplementary Experimental Pro-
cedure for further details.

Statistical analysis
For in vivo experiments using Nod/Scid animals, we performed

Kaplan–Meier survival analysis using the log-rank test for hypoth-
esis testing.

For drug response analysis using BrdUrd, a one-way ANOVA
was performed for each patient.

The P values for the pairwise mean comparisons of each
treatment with the corresponding control were calculated using
the Tukey Honestly Significant Difference test. In the related
figures and for each patient, we plotted the normalized mean
treatment response using the corresponding mean control as a
reference, except in Supplementary Fig. S12,wherewenormalized
to the mean of the 50 mmol/L temozolomide treatment response.
The minimum and maximum normalized values are provided to
present the dispersion of the normalized data.

Results
SEZ harbors residual disease in patients with glioblastoma

We screened 65 patients with glioblastoma given 5-ALA, and
confirmed that visibly fluorescent disease extended to the SEZ
in 65% (42/65) of the cases. Multiple samples were obtained
from 14 patients. Histologic features of high-grade glioma (15)
were detected in SEZ and T of the patients (Fig. 1A; additional
two representative glioblastomas are shown in Supplementary
Fig. S1A and S1B). SEZ tissue was also used to identify the
ependymal layer and confirm correct sampling (Supplementary
Fig. S2).

Glioblastoma has been shown to heterogeneously express glial
fibrillary acidic protein (Gfap; ref. 16), and consistent with this,
we noted high expression of Gfap in SEZ samples compared with
matched T samples (Fig. 1B and C top, and Supplementary Fig.
S1C). Expression of the precursor marker Nestin was detected
both in T and SEZ tissues (Fig. 1B and C middle, and Supple-
mentary Fig. S1C). The SEZ showed increased vascularization in
comparison with T, as determined by CD31 expression (Fig. 1B
andC, bottom).Weak expressionof theneuronalmarker Tuj1was
observed in both areas (Supplementary Fig. S1C). One of the
histologic hallmarks of glioblastoma is a highproliferative activity
(17), and we observed similar numbers of mitotic cells in T and
SEZ (MIB1 index 20.5 � 2.8 and 18.1 � 1.9, respectively; Sup-
plementary Fig. S1C). The extent of focal necrosis was similar in T
and SEZ of the same patients (except for sp40; Supplementary
Table S1). Consistent with immunohistochemical analysis, T and
SEZ contained similar amounts of tumor tissue (except for sp54;
Supplementary Table S1). Together, these data suggest that reg-
ulatory mechanisms promoting proliferation and vascularization
are common to the T and the SEZ tissues.

To confirm these findings, we performed real-time analysis of
gene expression formarkers of glial and precursors cells (Gfap and
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Nestin), stem cells (Sox2), proliferation (MIB1) on T and SEZ
tissues of three glioblastomas in total (Supplementary Fig. S3).
Our results show increased expression of Gfap in the SEZ com-
pared with the corresponding T (Supplementary Fig. S3). The
expression ofNestin and Sox2 is similar between T and SEZ, except
in sp10 for Sox2 (Supplementary Fig. S3).

We applied high-throughput genomic profiling techniques to
the SEZ andT to characterize eachof these regions. DNA/RNAwere
extracted from the tissues of the 14 patients (Supplementary Table
S2A). After quality assessment, we analyzed copy-number aberra-
tions (CNA)of8patients andgene-expressionprofiles of 9 patients
(6 of whomwere common to both analyses; Supplementary Table
S2B shows the patient clinical information). Our data reveal
multiple aberrations (e.g., EGFR amplification and CDKN2A dele-
tions) common to T and the corresponding SEZ in individual
patients (Fig. 2A and Supplementary Fig. S4). In 6 of 8 patients, the
SEZ had an equal or smaller number of putative driver aberrations
with respect to the corresponding T (mean difference in the
number of aberrations is 1.27� 0.38; P value¼ 0.12). CNA results
were validated by FISH for three glioblastoma drivers, EGFR,MET,
and PTEN (4), in 3 patients with available tissue (Fig. 2B and
Supplementary Fig. S5A–S5H). Because we observed in vitro aber-
rations in the corresponding cell cultures (Supplementary Fig. S6),
we restricted further genomic analysis to tissue samples.

Clustering of the gene-expression data (18) revealed that only
three of nine paired samples (SEZ and T from the same patient)
clustered tightly together, whereas five of nine SEZ were assigned
to the same subcluster, suggesting a SEZ-specific expressionprofile
across patients (Fig. 2C).

We used a previously published classifier to assign our samples
into one of four glioblastoma subtypes (6). Seven of nine SEZ
were classified as mesenchymal (sp41, sp42, sp52, sp54, sp56,
sp57, and r4), and the remaining two were classical (sp49 and
sp55). For 6 of 9 patients, the SEZ was assigned to a different
subtype than the corresponding T. T samples were distributed

amongst the four subtypes (classical, mesenchymal, neural, and
proneural; Fig. 2D).

We next investigated whether gene-expression levels differed
between SEZ and T. We rejected the hypotheses of no significant
differences in the expression levels of all genes between SEZ and T
(P value < 0.00001), which suggests that there are differentially
expressed genes in SEZ and T. We next used the R package HDTD
to identify gene ontology (GO) terms whose genes are differen-
tially expressed (Supplementary Table S3).

TICs reside in the SEZ
We next extended the characterization of T and SEZ to TIC

populations. In neuroepithelial malignancies, the purification of
TICs remains challenging because no robust cell-surface marker
has been identified to distinguish tumorigenic and nontumori-
genic cells (19, 20). Initial data identifyingCD133/Prominin1 as a
marker in human glioblastoma (21) were subsequently chal-
lenged both in primary and cultured TICs (reviewed in ref. 19).
More recently, the cell surface marker CD15/SSEA-1 has been
identified as a possible TIC marker in glioblastoma and medul-
loblastoma (22, 23). CD15 is a carbohydratemoiety expressed by
neural stem and progenitor cells (24), but its use as glioblastoma
marker did not find additional confirmation (25).

We therefore used a marker-independent approach (9, 11,
12, 26) to isolate cells fromT and SEZ under serum-free conditions
in vitro (Fig. 3A).Growth curve analysis and limiting-dilutionassays
confirmed long-term self-renewal and expansion (Fig. 3B and
Supplementary Fig. S7), clonogenicity, and multipotency similar
to the corresponding T cells (Supplementary Fig. S8).

We evaluated the expression of the precursormarkerNestin and
other putative TICmarkers (A2B5, CD133, andCD15) fromT and
SEZ (reviewed in ref. 19) and found similar expression of Nestin
in T and SEZ cells, in agreement with the data in Fig. 1B and C. In
contrast, A2B5-, CD133-, and CD15-positive cells were rarely
found (Supplementary Fig. S9A and S9B).

Figure 1.
Identification of SEZ in human
glioblastoma. A, top, illustrative MRI
scans of a glioblastoma in the right
temporal lobe. Red dots, tissue
sampling from T and SEZ. Middle,
perioperative images of visible
fluorescence from T and SEZ,
indicating the presence of tumor
tissue. Bottom, hematoxylin and eosin
staining of T and SEZ. Both show
cardinal features of glioblastoma (high
mitotic index, nuclear atypia, mitosis,
andmicrovascular proliferation); scale
bar, 100 mm. B, T and SEZ tissues have
been stained for Gfap (green), Nestin
(red), CD31 (pink), and counterstained
with DAPI (blue). SEZ is characterized
by Gfap expression and high
vascularization; scale bar, 100 mm.
C, quantitative analysis of Gfap-,
Nestin-, and CD31-positive cells in T
and SEZ tissues of the same patient.
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Despite phenotypic differences in vitro, orthotopic inoculation
of T and SEZ cells in NOD/SCID mice consistently generated
tumors in all cases (Fig. 3C and D and Supplementary Fig. S10).
Nonetheless, a statistically significant shorter survival was
observed for animals injected with T cells compared with those
injected with SEZ cells (Fig. 3C and Supplementary Fig. S10; P
value < 0.05).

To our knowledge, this is the first time that SEZ cells from
patients with glioblastoma have been tested for their tumorigenic
potential. We analyzed the in vivo properties of enriched SEZ cells
from three additional glioblastomas. In all cases, SEZ cells gave
rise to tumors with similar patterns of growth and infiltration to
those generated from TICs isolated from T, under the same
experimental conditions (Supplementary Fig. S11A–S11C).

TICs from the SEZ contribute to drug resistance
The SEZ and T contained self-renewing TICs suitable for che-

moresponse assays. These cells are grown in conditions that better

preserve the genotype of the original disease (27) and have been
proposed for use in high-throughput drug screening (28, 29). We
tested the effects of the oral alkylating agent temozolomide, the
current standard of care in patients with glioblastoma (30). To
facilitate analysis, we assayed methylation in the promoter region
of MGMT, a methyltransferase that inhibits the cytotoxic effect of
temozolomide and is a predictive biomarker in glioblastoma (31).

We initially treated TICs isolated from T and SEZ of 7 patients
with glioblastoma with temozolomide at maximum concentra-
tions reported for the brain and plasma (50 mmol/L; refs. 32, 33),
but no significant treatment response was observed relative to the
corresponding controls (vehicle only). Only sp12 showed a
significant response in both T and SEZ (Supplementary
Fig. S12). We therefore analyzed a set of TICs isolated from T of
20 patients using a dose-escalation strategy ranging from 50
mmol/L to 2.5 mmol/L of temozolomide, and found that only
20% of the samples exhibited a significant response at �500
mmol/L (Supplementary Fig. S13A and S13B).

Figure 2.
The SEZ harbors residual disease. A, summary of themost commonputative drivers in glioblastoma. In 6 of 8 patients, the SEZ contains an equal or smaller number of
aberrations with respect to its corresponding T. Cultured cells from T and SEZ of patient sp14 have been used for comparison with the corresponding tissues.
B, FISHof 3patients confirmedgain of the region of chromosome7, includingEGFR and the centromere (centr 7), in sp49and sp58 (T and SEZ inboth cases), andgain
of the region, including MET and centr 7, in sp58 and cells from sp14 (T and SEZ in both cases); as expected, based on copy-number data, gain of MET
was not observed in sp49T. Orange, EGFR or MET; and green, the centr 7. The single nuclei are representative of what was generally observed in each sample.
C, clustering of gene-expression profiles from 9 patients revealed that five SEZ samples cluster tightly together instead of with their matched T. Samples are
color-coded on the basis of their origin. D, each compartment of 9 glioblastomas has been assigned to a previously described classifier (6): T samples are either
proneural, classical, mesenchymal, or neural, and 7/9 SEZ are mesenchymal.
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On the basis of these results, we performed cell proliferation
assays for temozolomide concentrations between 50 mmol/L
and 2.5 mmol/L on TICs isolated from T and SEZ of the
same tumor for 8 patients. We noted that TICs continued to
proliferate in the SEZ and T at supramaximal drug concentra-
tions. We also observed that the response varied between T and
SEZ of the same glioblastoma (Fig. 4A and Supplementary
Fig. S14A). Three patterns emerged: differential response
between T and SEZ (e.g., sp13, sp20, sp37, and sp42), both T
and SEZ respond (e.g., sp17 and sp23), neither T nor SEZ
respond (e.g., sp14, except at 2.5 mmol/L temozolomide for
T, and sp52).

To test whether resistance to temozolomidewasMGMT-depen-
dent, we analyzed the DNA methylation status of the MGMT
promoter by pyrosequencing (Supplementary Table S4) and
methylation-specific PCR (Supplementary Fig. S15; ref. 13), and
we found that the results were in agreement except for sp42.

Our PCR analysis revealed that four of seven paired TICs (sp14,
sp23, sp37, and sp52) did not show methylation of the MGMT
promoter in either the T or the SEZ consistent with the poor
response to temozolomide, except for sp23 (T and SEZ) and
sp37T. In contrast, sp17, sp20, and sp42 are methylated
and showed a better response to temozolomide among all the
tested TICs with the exception of sp20SEZ and sp42T (Fig. 4A and
Supplementary Fig. S14A). All together, our results suggest that
MGMT methylation status is homogeneous in T and SEZ of the
same patients and generally predicts response to temozolomide
(Supplementary Table S5).

We also evaluated the antimitotic agent cisplatin, previously
used in glioblastoma therapy, and cediranib, an antiangiogenic
inhibitor of VEGFRs with additional activity against PDGFRs,
recently used in clinical trials (Fig. 4B and Supplementary Fig.
S14B; refs. 34, 35). Although antiangiogenic therapies target the
endothelial compartment, it has been reported that VEGFRs are
enriched on the surface of TICs from glioblastoma (36). VEGF
signals via its endothelial tyrosine kinase receptor 2 (VEGFR2;
ref. 35), so we first confirmed that this receptor is expressed in
TICs from T and SEZ (Supplementary Fig. S16). We next
quantified the expression of VEGF and PDGF receptors. No
significant difference was present between T and SEZ (no
VEGFR1 nor VEGFR3 probe was available in the Illumina
arrays; Supplementary Table S6).

Exposure to cisplatin and cediranib revealed resistant TICs in T
and SEZ together with a heterogeneous response profile (Fig. 4B
and Supplementary Fig. S14B). Whereas sp17 and sp23 showed
sensitivity to these treatments in T and SEZ, a significant response
was observed only in one of the two regions for sp13, sp20, and
sp52 (Fig. 4B).

The drug response profile of TICs from T and SEZ of the
same patients emphasizes their potential utility in drug devel-
opment compared with standard glioma cell lines, for exam-
ple, U87 and human fetal NSCs (HFNSC). U87 significantly
responded to treatment with temozolomide, cisplatin, and
cediranib, whereas two HFNSCs lines (HFNSC and HFNSC1)
were resistant to temozolomide, as previously reported (37),
and to cisplatin and cediranib (Supplementary Fig. S17).

Figure 3.
TICs can be isolated from SEZ patients with of glioblastoma. A, cells from T and SEZ form spheres in serum-free medium; magnification, �100; scale bar, 50 mm.
B, left, growth curve analysis shows that cells from T and SEZ are capable of long-term expansion. Right, limiting-dilution assays revealed similar frequencies
of sphere formation in T and SEZ. Each data point represents the average of triplicates; error bars, SD. C, top, cumulative Kaplan–Meier survival analysis of 30 animals
revealed the tumorigenic potential of T and SEZ cells from five glioblastomas. There is a statistically significant difference (P < 0.05, log-rank test)
between the survival of animals injected with T cells versus those injected with SEZ cells. Bottom, table summarizing the number of tumors/injections and the
type of cells used (primary or briefly cultured). D, hematoxylin and eosin staining of T and SEZ cells derived xenografts; scale bar, 30 mm.
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Phylogenetic reconstruction suggests different patterns of
glioblastoma evolution involving SEZ malignant cells

Our genomic and chemoresponse assays data show that the
SEZ harbors malignant cells that contribute to tumor growth and
murine models of glioblastoma indicate that the SEZ is enriched
for tumor ancestors (2, 38–40). However, this has not been
confirmed in patients with glioblastoma. We analyzed SEZ and
T samples to determinewhether tumor cells growout of the SEZor
into the SEZ.We reconstructed tumor ancestral trees in 8 patients,
using several genomic measurements derived from multiple spa-
tially separated samples taken from the glioblastoma mass (T1–
T6) and SEZ. We have previously used this approach to describe
intratumor heterogeneity in T and infer tumor evolution (7), and
we now used FGMS to position the SEZ. In particular, we recon-
structed phylogeny based on genome-wide DNA copy number
(41). In an independent assay, we exploited the observation that

cells record their ancestral history in the form of neutral DNA
methylation patterns (42, 43). This analysis is not biased by the
presence of non-neoplastic cells, as only highly proliferative
tissues accumulate sufficient methylation events (tumors and
colonic epithelium; Fig. 5A; ref. 44). We first validated the molec-
ular clock loci chosen for this analysis (Fig. 5B and C, top) and
then calculated the normal cell content in SEZ and T. The values of
cellularity indicate no significant difference (Fig. 5B and C,
bottom).

These orthogonal techniques yielded highly concordant
phylogenies: in sp52, sp54, sp56, and sp57, the SEZ harbors
tumor precursor cells that gave rise to the glioblastoma mass
(Fig. 5D). In sp42 and sp49, we observed a similar trend,
although the two methods are not in full agreement (Fig. 5D).
Analysis of sp55 and sp58 suggests a different pattern of
evolution and emphasizes the heterogeneous nature of

Figure 4.
TICs from SEZ contribute to drug resistance. Cells from T and SEZ of 4 patients were used to evaluate response to chemotherapeutics. A, differential response
patterns to temozolomide (TMZ) were observed in T and SEZ cells of the same patients. Dose escalation has little impact on drug-resistant cells. B, distinct
patterns of response were observed when the assay was performed with cisplatin and cediranib. Data are shown as normalized to control. The mean normalized
absorbance as well as the minimum (�) and maximum (þ) absorbance are plotted. Asterisks, statistical significance.
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glioblastoma (Fig. 5D). Taken together, these data suggest that
the SEZ contains a reservoir of malignant cells that are either
tumor precursor clones or clones generated during glioblas-
toma evolution.

Discussion
Our comprehensive phenotypic, genomic, and functional

analysis reveals residual disease in the SEZ of patients with
glioblastoma (Fig. 1A and Supplementary Fig. S1A and S1B).
TICs are present in T and SEZ of the same glioblastomas (Fig.
3C and Supplementary Fig. S10) and show differential patterns
of therapeutic responsiveness and drug resistance (Fig. 4A and B
and Supplementary Fig. S14A and S14B), suggesting that the
SEZ should be considered as a novel potential therapeutic
target in a subset of patients with glioblastoma. This is con-
firmed by phylogenetic reconstruction showing different pat-
terns of tumor evolution with the SEZ harboring precursor
clones or clones generated during the glioblastoma growth
(Fig. 5D).

Gene-expression profiling of SEZ reveals that different glioblas-
toma subtypes (6) are present within the same patient. The SEZ is
predominantlymesenchymal (7patients) or classical (2patients).
T is more diverse, with representation from all four subtypes (Fig.
2D). Thus, it is possible to envisage a spectrum of expression
patterns with mesenchymal/classical representing proliferative
diversification at the tumor core.

Previous reports suggested that proximity to the SEZ predicts a
multifocal tumor phenotype and recurrences that arise at loca-
tions distant from the initial lesion (45).More recently, it has also
been reported that contact of the tumor mass with the SEZ
correlates with shorter survival (46). To explore this, we isolated
TICs from T and SEZ of the same patients. TICs have been
described in human glioblastoma but no analysis based on FGMS
has beenperformed.Our results show that in vivoboth T- and SEZ-
derived cells generated tumors; however, cells from T are more
tumorigenic in comparison with the SEZ in agreement with the
CNAs of the patient samples showing a trend toward a smaller
number of aberrations in the SEZ. These data suggest that the
tumorigenic potential is exacerbated when increased genetic
alterations are acquired by the cancer genome in line with pre-
vious reports (47, 48).

Because genomic and phenotypic analyses suggest that the
SEZ harbors tumor cells, it is crucial to investigate whether
there are differences in response to therapy in cells isolated
from this region. It has been previously shown that patient-
derived TICs accurately represent parent disease (27) and have
potential application in high-throughput drug screening (28,
29). Our data reveal that TICs from T and SEZ of the same
glioblastomas show different patterns of response to therapies
that represent the current standard of care (Fig. 4A and B,
Supplementary Fig. S14A and S14B and Supplementary Table
S5). This suggests that they should be targeted using different
approaches. Our results also reveal that a clinically significant

Figure 5.
Phylogenetic reconstruction reveals different patterns of tumor evolution involving SEZ malignant cells. A, cartoon illustrating the phylogeny based on molecular
clock analysis. Non-dividing tissues, such as heart and brain, do not undergo mitotic events and do not accumulate methylation errors. Epithelial tissues,
such as colon, show increasedmethylationwith age due to themitotic turnover of cells maintaining tissue homeostasis. Tumors undergo a large number of divisions
and accumulate methylation changes in a manner proportional to the number of mitotic events. B and C, top, the IRX2 locus on chromosome 5 in B and the
NETO1 locus on chromosome 18 in C have been validated as molecular clock loci by verifying that age-related methylation increases as a result of cell division in
patient-derived tissues by comparing heart, brain, and colon. Bottom, the graphs show tumor cellularity using IRX2 in B and NETO1 in C molecular clock
data. The values of cellularity indicate no significant difference between T and SEZ. D, tumor phylogenies based on SEZ andmultiple tumor mass samples (T, T1–T6)
were reconstructed independently with two methods: copy-number breakpoints (a) and two molecular clock loci [IRX2 (b) and NETO1 (c)]. As an example, in sp52,
the SEZ (blue) harbors cells that arise earlier than tumor mass cells (red; sample T1 failed hybridization); NA, not available.
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fraction of cells is resistant to current treatments. This is
consistent with murine data (3), indicating that multimodal
stratified approaches will be essential to improve therapeutic
responsiveness.

Glioblastoma evolves by following poorly understood spatial
and temporal dynamics arising from cells of origin that are yet to
bedefined. Thepresence ofmalignant cells in the SEZ suggests two
different scenarios of evolution with the glioblastoma growing
into the SEZ or out of this region. Our phylogenetic data indicate
that in 4 of 8 patients, a pool of malignant precursor clones
evolved in the SEZ (Fig. 5D). Given the presence of NSCs in the
adult human SEZ (49), it has been suggested that glioblastoma is
derived from those cells (50). This concept has been investigated
in mouse models (2, 38–40), but until now there has been no
direct evidence of the contribution of SEZ cells in human glio-
magenesis. We show that the SEZ is a reservoir of disease and
could be targeted therapeutically. Consistent with this, prelimi-
nary evidence suggest that irradiation of the SEZ in patients with
glioblastoma is associated with improved progression-free sur-
vival (51, 52).

In summary, we present a phenotypic, genomic, and functional
analysis of residual disease in human glioblastoma (Supplemen-
tary Fig. S18A and S18B). Our approach together with FGMS
provides a coherent strategy for interrogating the mechanistic
basis of clinical heterogeneity in future studies. This is likely to
further refine our understanding of the complex molecular land-
scape of glioblastoma, resulting in improved therapeutic strate-
gies specifically aimed at targeting the SEZ.
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Supplementary experimental procedure 

 

5-ALA administration and GB sample collection  

Patients were administered with 5-ALA (Medac UK) 5 hours before surgery as an oral dose of 20 

mg/kg as described previously(1, 2). The fluorescence microscope used in the surgical theatre was a 

Zeiss Pentero Microscope (Zeiss UK). PpIX was excited with blue-violet light (wavelength 375-400 

nm) and fluorescence emission was read at 600-700 nm (1). In 42 out of 65 patients we collected T 

and SEZ tissues. T was collected using fluorescence-guided resection as previously described (2). 

When fluorescence was detected in the SEZ, we collected this tissue based on anatomical location 

and confirmed the presence of the ependymal layer staining for S100β (Abgent) 1:100 (3).  

After GB surgical resection, detection of sample fluorescence was confirmed after arrival at the 

laboratory. Briefly, a small part of each sample was put on a glass slide and each slide was mounted 

with a few drops of Vectashield (Vectorlabs) and analyzed at the confocal fluorescence microscope 

(Leica). PpIX was excited under the same conditions used in the surgical theatre.  Of the 42 patients 

from whom we collected SEZ samples, 39 had contrast enhancing disease  extending to the 

ventricle and visible fluorescent disease extending to the SEZ at surgery. The remaining 3 patients 

had contrast enhancing disease not extending to the ventricle but fluorescence in the SEZ. 

Tissue was collected using separate rongeurs to avoid sample contamination. Haematoxylin and 

Eosin staining and immunohistochemistry were performed on 4μm thick sections of T and SEZ and 

processed as previously described (4). 

The extent of necrosis was scored based upon review of Haematoxylin and Eosin sections by a 

neuropathologist as 0 = no necrosis and 1 = focal necrosis involving <20% of the tissue area. The 

presence of tumor cells in each samples was scored as 0 = cellular tumor and 1 = highly cellular 

tumor involving ≥70% of the tissue. Tumor cells were identified based upon morphologic features, 

including cytologic atypia, enlarged nuclear to cytoplasmic and volume ratio.  

Cell lines propagation, immunofluorescence and in vivo tumorigenicity 
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Immunofluorescence was performed on cells derived from 11 patients. The following antibodies 

have been used: Gfap (DAKO) 1:400, O4 (gift from Dr. Chandran) 1:5, Tuj1 (Covance) 1:400, 

Nestin (Millipore) 1:200, Cd133 (Abcam) 1:100, Cd15 (BD Biosciences) 1:50, A2B5 (Millipore) 

1:100, VEGFR2 (Cell Signaling) 1:100. To avoid the possibility that cells from the SEZ originated 

from non-neoplastic tissues, we collected two non-fluorescent SEZ (from samples sp2 and sp19) 

and we evaluated their proliferative ability in vitro. In contrast to the 42 fluorescent SEZ samples, 

these two samples did not give rise to long-term expanding cell cultures, further emphasizing that 

presence of tumor cells in the SEZ is necessary to derive TICs from this sample (Supplementary 

Fig. S19).  

 

To derive TICs, primary cells were plated in 25 cm2 tissue culture flasks plated at clonal density 

(2500–5000 cells/cm2) in Neurobasal medium with B27 and N2 Supplement (GIBCO) containing 

20 ng/mL of both epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF-2). To assess 

multipotency, cells were plated at a density of 2.5 × 104 cells/cm2 onto Matrigel-coated glass 

coverslips (12 mm diameter) in the presence of leukemia inhibitory factor (R&D Systems) (10 

ng/mL) for 10 days. Limiting dilution assays were performed as described by (5). Spheres were 

dissociated into single cells and plated in 96-well plates in 0.2 ml of medium. Cultures were left 

undisturbed for approximately 10 days after which time the percentage of wells not containing 

spheres for each cell plating density was calculated and plotted against the number of cells plated 

per well. Linear regression lines were plotted, and the number of cells required to generate at least  

one sphere in every well was determined. The experiment was repeated three times. 

Intracerebral transplantation in 60 animals with 3x105 cells from T or SEZ of 10 GBs into the right 

striatum of Nod/Scid mice (Charles River) was performed as previously described (4, 6). Primary 

cells or briefly cultured cells were used for injections. 30 animals were injected with T cells and 

another 30 with SEZ cells. Mice were sacrificed when symptomatic according to the Home Office 

guidelines.  
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Copy number and gene expression analysis 

To identify copy number aberrations in the samples Affymetrix SNP6 arrays were used. The raw 

data were processed with CRMAv2 (7) within the AROMA framework. Parent-specific circular 

binary segmentation (PSCBS) (8) was used to identify regions with aberrant DNA copy number. 

The copy number data for each patient were normalized to their respective germline status (blood 

DNA). Defining  to be the standard deviation of the central 50% of probes in the array (sorted by 

intensity), amplifications were called when the log ratio (LRR) was >6, gains when 

6>LRR>1.7, losses for -1.7>LRR>-7 and homozygous deletions for LRR<-7, adapted from 

(9).  

 

Illumina HT12v4 arrays were used to obtain gene expression data, which were analyzed using R 

and the beadarray package (10). All samples were labeled together and hybridized simultaneously 

onto expression arrays to avoid batch effects. When multiple high-quality probes were available per 

gene, we selected one at random. Median normalization was applied to the dataset. To classify our 

samples we mean-centered the dataset (11) and used the ClaNC package (12) to predict the sample 

subtype according to the Verhaak classifier using 836 genes with high quality probes out of the 841 

total proposed by Verhaak and co-authors (13). Hierarchical clustering was performed with R using 

an average linkage method and an Euclidean distance. To assess whether SEZ and T were 

differentially expressed, we performed an analysis of variance (ANOVA)-type hypothesis testing 

based on matrix-variate distributions.  As a negative control we used a list of genes validated by 

qRT-PCR that yielded no significant difference between SEZ and T (p-value=0.804). The R 

package HDTD was used to identify GO terms bearing at least one gene which is differentially 

expressed between SEZ and T. 

Fluorescence in situ hybridization 

Fluorescence in situ hybridization (FISH) was performed on SEZ- and T-derived cells from one  
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patient (sp14) as well as on 4 µm sections from four paraffin-embedded tissue specimens (sp49T, 

sp49SEZ, sp58T and sp58SEZ). Two control tissues (A1219, A887) and one normal 

lymphoblastoid cell line were included in the panel. Three commercial DNA probes (EGFR (7p11), 

MET (7q31) and PTEN (10q23), Kreatech Diagnostics) and DNA isolated from two BAC clones 

(RP11-339F13 (EGFR) and RP11-380G5 (PTEN)) were checked by hybridization to normal 

metaphase chromosomes. Metaphase chromosome preparation and hybridizations were performed 

as previously described (14, 15) and the SmartCapture software (Digital Scientific, Cambridge, UK) 

was used for image analysis. 

Molecular clock analysis  

We obtained between 4 and 6 multiple samples (T1-T6), spatially separated by approximately 

10mm, from different areas of each tumor mass and we have presented the results of this analysis in 

a previous report (16). Due to the small size of the SEZ it was impossible to obtain several 

subsamples from this area. We have previously demonstrated the utility of molecular clock analysis 

based on the patterns of neutral methylation tags to reconstruct the phylogenies of cell populations. 

Neutral methylation tags report on the number of cell divisions as a result of the accumulation of 

random methylation errors. Related cell populations will have similar methylation errors, allowing 

for the reconstruction of the phylogeny based on the mitotic distance of samples (17, 18). The 

normal brain tissue can be filtered out from the molecular clock profile as having virtually no 

methylated CpGs. Tumor cells instead have undergone a large number of divisions and therefore 

show higher methylation. This can be used to calculate the normal contamination of samples. 

DNA was extracted from tissue samples, as described above and was bisulfite converted using the 

EZ DNA Methylation Direct kit (Zymo). The IRX2 (chr5) molecular clock locus was PCR 

amplified as we previously described (18), using custom bisulfite-specific primers (5' 

GTATATTTTGTTAGGATTGGAGTTG 3' and 5' CATAAAACCCACATCTCTTTCAAAC 3' as 

forward and reverse primers respectively) bearing LibA 454 adapters and specific barcodes for each 

sample on their 5' end.  Successfully amplified loci from each sample were pooled in an equimolar 
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ratio, and sequenced using a Roche 454 GS Junior system to >400X average coverage per sample. 

The same procedure has been performed using a distinct molecular clock locus, NETO1 (chr18, 5’ 

GTTTTTGTAGGAGTAATTTGGTGG 3’ and 5’ CTCTCCCTCCCTCCCTAAAAC 3’). Both 

have been validated by showing that they report low methylation in non-dividing tissues (i.e. brain 

and heart), but age-related methylation due to cell divisions in mitotic tissues (i.e. colon) from 

autopsy samples of different patient ages (Fig. 5, B and C). The resulting single-molecule data were 

processed and analyzed as previously reported (18). A neighbor joining algorithm was used to 

reconstruct the phylogeny of the molecular clock patterns for each patient. We did not find samples 

displaying concerted hypo- or hyper-methylation at the analyzed loci. At the same time, tumor 

phylogenies were also inferred based on the underlying copy number profiles using the Tumult 

algorithm (19) and we note that these orthogonal methods yield highly similar results. 

Drug concentration in the BrdU cell proliferation assay 

Concentration for Cisplatin was 5 μg/ml and for Cediranib 5 μM. This concentration of Cisplatin is 

pharmacologically relevant since the peak serum level of the drug is about 5 μg/ml (20) and it has 

been used in vitro to test sensitivity of glioma cells to Cisplatin (21). As in vitro data on Cediranib 

and glioma cell cultures are limited, concentration of Cediranib was determined by testing two TICs 

(sp15 and sp19) with 4 nM to 80 μM as in a previous report on human gastric cancer cell lines (22). 

We found that Cediranib directly inhibited the growth of the two TICs with an IC50 of 5 μM.  

MGMT promoter methylation 

Analysis of MGMT promoter methylation was performed as previously described (23).  

The methylation status of the MGMT promoter was also assessed by pyrosequencing as previously 

described (24). Templates for pyrosequencing were prepared using bisulfite converted DNA 

samples and run on the PyroMark ID pyrosequencer (Qiagen). The results are based on the average 

% methylation of the first 5 CpGs in accordance with the paper published by Quillien and 

colleagues (25). 
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Supplementary Figure Legends 

 

Supplementary Figure S1. Identification of the SEZ in human GB. (A, B) Top panel. 

Illustrative MRI scans of two additional GBs (coronal view in A and axial view in B). Samples 

were collected from the tumor mass (T) and the sub-ependymal zone (SEZ) (red dots indicate tissue 

sampling). Middle panel. Peri-operative images of visible fluorescence from T and SEZ indicating 

tumor tissue in these areas. Bottom panel. Haematoxylin and Eosin staining of T and SEZ. 

Cardinal GB features (high mitotic index, nuclear atypia, mitosis and microvascular proliferation) 

are present in T (left) and SEZ (centre). Scale bar, 100 μm. (C) Top panel. Double-labelling with 

markers of glial and precursors cells (Gfap in green and Nestin in pink) confirms the results shown 

in Fig. 1. Bottom panel. Weak expression of the neuronal marker Tuj1 is observed in T and SEZ 

(in pink in a double staining with Gfap in green). Right. The MIB1 staining shows similar numbers 

of mitotic cells in T and SEZ (green). Tissues have been counterstained with DAPI (blue). Scale 

bar, 100 µm. The table shows a quantitative analysis of the % of +ve cells for Gfap, Nestin, Tuj1 

and the MIB1 index.  

 

Supplementary Figure S2. Sampling of the SEZ. Left. Haematoxylin and Eosin staining reveals 

the typical morphology of the SEZ. The dashed line indicates the ependymal layer. Right. Staining 

for the ependymal marker S100β confirms the presence of ependymal cells. Cells have been 

counterstained with DAPI (blue). The arrow indicates the ependymal layer. Scale bar, 50 μm. 

 

Supplementary Figure S3. Real-time analysis on tissues: markers of glial, precursor, stem 

cells and proliferation. Analysis of expression of a panel of markers for precursor and glial cells 

(Nestin and Gfap), stem cells (Sox2) and proliferation (MIB1) has been performed on T and SEZ 

tissues. This analysis shows increased expression of Gfap in SEZ in agreement with the data shown 

in Figure 1, B and C. Asterisks indicates statistical significance (p-value <0.05) in comparison to  
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the T of each patient. All error bars represent s.e.m. 

 

Supplementary Figure S4. Common CNA breakpoints between the SEZ and the 

corresponding tumor mass. For each patient we report an example of chromosome where it is 

evident that the SEZ and T samples from the same tumor share common breakpoints. This is 

evidence of a common origin of the two from the same patient.  

 

Supplementary Figure S5. FISH results for EGFR, MET and PTEN between T and SEZ in 3 

GBs. FISH confirms the copy number results for EGFR in patients sp49 (in A) and sp58 (in B) and 

the results for MET in sp49T and sp58 (in C). SNP plots show the status of EGFR and MET in each 

sample. The position of the gene is shown by a black box. Orange denotes EGFR or MET and green 

the centromeric probe of chromosome 7 (centr 7), magnification 63X. In A, normal tissue of sample 

sp49 has been used as internal control. This tissue shows 2 copies of EGFR and centr 7 as expected 

by normal cells. (D) A1219 and A887 have been used as controls. Both have trisomy of 

chromosome 7 (green) but only A1219 contains 68 copies of EGFR (orange), whereas A887 shows 

no amplification of the gene (magnification 63X). (E) Sp14SEZ cells and sp14T cells show gain of 

the region of chromosome 7 including EGFR and centr 7, in agreement with the copy number 

results. Sp14SEZ cells have generally 4 copies of EGFR (red) and centr 7 (green). (F) Both 

sp14SEZ and T cells have more than two copies of MET (red) and centr 7 (green). Generally, 

sp14SEZ cells have 4 copies of MET and centr 7 in agreement with the results shown in Fig. 2A. 

(G) A focal deletion of PTEN (orange) is found in sp14SEZ and T cells. The centromeric probe of 

chromosome 10 (centr 10) is shown in green. The normal control metaphases show 2 copies of 

chromosome 7 and EGFR, MET (in E and F) and 2 copies of chromosome 10 and PTEN (in G) 

(magnification 63X). (H) SNP plots of sp14 SEZ and T cells show the status of EGFR, MET and 

PTEN. The position of the gene is shown by a black box. 
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Supplementary Figure S6. CNA breakpoints between T and SEZ and the corresponding cells. 

The copy number profiles of T and SEZ in patient sp14 are highly similar, in particular they show 

common gains/amplifications in chromosomes 1, 7 (EGFR, CDK6, MET), 20 and 21, and a 

loss/deletion in chromosome 10 (PTEN). We found a largely overlapping profile between cells and 

tissues.  The  corresponding  cell  lines  share  all  these  aberrations  with  the  tissues,  but  both 

also display an evident loss of chromosome 13, suggesting an in vitro aberration that, due to its 

magnitude, may pose concerns in using cell lines as surrogate of the original tumor tissue. 

 

Supplementary Figure S7. Growth curve analysis of TICs from 5 additional GBs. Growth 

curve analysis reveals that  cells  derived  from  T  and  SEZ  are  capable of long-term  in vitro 

propagation. Sp14, 17, 20, 37 and 52 are five additional patients of the dataset. 

 

Supplementary Figure S8. Clonogenic index and multipotency of SEZ cells. Left. Clonogenic 

index of T and SEZ cells provides an estimation of the number of stem cells/precursors in the 

culture. Three paired T and SEZ cells are shown. Right. Immunofluorescence staining of SEZ cells: 

left, all the cells express the neural precursor marker Nestin (red); middle, Gfap (green) and Tuj1 

(red) are  used as  markers for  astroglial and  neuronal cells, upon  differentiation.  Note a double 

positive Gfap/Tuj1 cell (yellow); right, an SEZ cell expressing the oligodendroglial marker O4 

(red). Scale bars, 20 μm. 

 

Supplementary Figure S9. Immunofluorescence analysis for “stem cell markers” on T and 

SEZ cells. Immunofluorescence analysis for stem cell markers (Nestin, A2B5, CD133 and CD15) 

on T and SEZ cells isolated from sp17 (in A) and from sp20 (in B). Whereas Nestin is widely 

expressed in T and SEZ, A2B5-, CD133- and CD15-positive cells are rarely expressed with the 

exception of some CD15+ve cells found in T cells from the case shown in A. Cells have been 

counterstained with DAPI (blue). Scale bars, 50 μm. The table shows a quantitative analysis of the  
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expression of these markers for T and SEZ cells. 

 

Supplementary Figure S10. Survival analysis of 5 additional GBs. Cumulative Kaplan-Meier 

survival analysis from 5 additional GBs reveals that T and SEZ are tumorigenic. T cells are highly 

tumorigenic and there is a statistically significant difference (p-value <0.05) between the survival of 

animals injected with these cells versus those injected with SEZ cells. The table summarizes the 

number of tumors/injections and the type of cells used (primary cells or briefly cultured cells).  

 

Supplementary Figure S11. Analysis of in vivo properties of TICs from SEZ. (A) The table 

summarizes the data based on Haematoxylin and Eosin staining confirming absence of migration of 

SEZ cells towards the two neurogenic niches in the adult mouse brain, i.e. the SEZ and 

hippocampus. No migration towards anatomical regions such as olfactory bulbs and cerebellum was 

observed. In presence of a large tumor formation (derived from SEZ3) we found that the tumor cells 

infiltrate the SEZ and corpus callosum (CC). This behaviour mimics that of TICs isolated from T 

under the same experimental setting. (B) We present here a reconstruction for a tumor derived from 

SEZ1. The tumor develops from the injection site, the striatum (ST) and shows dorso-ventral and 

rostro-caudal extension. Using this approach, we show that there is no migration towards the 

ventricle (V), the cerebellum (C) and the olfactory bulbs (OB). This has been obtained using serial 

tissue sections stained for Haematoxylin and Eosin. Two representative sections are presented here. 

(C) On the left, Haematoxylin and Eosin staining of a brain injected with SEZ3 cells shows tumor 

cells in proximity of the lateral ventricle (V) and along the corpus callosum (CC) and SEZ. On the 

right, we show a statistically significant increase in numbers of cells in the SEZ and corpus 

callosum (CC) (p-value <0.05 for each of these regions in comparison to control brains). 

 

Supplementary Figure S12. BrdU cell proliferation assay of 7 paired TICs using 50μM TMZ. 

Cell proliferation assay was initially performed using the physiological TMZ concentration of 50 
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μM as reported in brain and plasma. Response to this concentration was very poor, with only sp12 

(T and SEZ) responding. Red indicates T compartment, blue SEZ. Asterisks indicate statistical 

significance. 

 

Supplementary Figure S13. BrdU cell proliferation assay of additional 20 TICs for dose 

escalation analysis with TMZ. (A) Four of the twenty samples are shown. These TICs are all 

derived from the T compartment. Sp15 and sp19 do not respond to TMZ. In contrast, sp21 and sp36 

respond to ≥ 500μM concentration. (B) Table summarizing the 20 TICs tested. Only 20% of them 

respond to ≥ 500μM concentration of TMZ (sp21, sp28, sp34, sp36, highlighted in green boxes). 

Asterisks indicate statistical significance. 

 

Supplementary Figure S14. BrdU cell proliferation assay of additional 4 paired TICs. The cell 

proliferation assay shown in Fig. 4 was performed on additional 4 patients. We tested response to 

TMZ (in A), Cisplatin and Cediranib (in B). Sp14 does not respond to TMZ in either the T or the 

SEZ, except at 2.5 mM TMZ for T; only sp14T shows a significant response to Cisplatin and 

Cediranib. Conversely, sp23 shows a similar response between T and SEZ with the latter 

responding slightly better to treatment with TMZ, Cisplatin and Cediranib. In sp37 the differential 

pattern of response is more pronounced with respect to TMZ, Cisplatin and Cediranib with T being 

more sensitive to these treatments in comparison to SEZ. Sp42T is resistant to TMZ and Cediranib 

but not to Cisplatin. In contrast, the SEZ does respond significantly to ≥ 100 μM concentration of 

TMZ and to Cisplatin and Cediranib. Asterisks indicate statistical significance. 

 

Supplementary Figure S15. MGMT promoter status for T and SEZ of the analyzed 7 paired 

TICs by PCR. 7 out of the 8 paired TICs used for the BrdU cell proliferation assay were analyzed 

for MGMT promoter methylation status by PCR using specific primer pairs for the methylated or 

the modified unmethylated DNA (13). A visible 81-bp PCR product in T and SEZ of sp17, 20 and 
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42 indicates the presence of methylation, whereas a 109-bp PCR product in T and SEZ of sp14, 23, 

37 and 52 indicates unmethylation. MSP=methylation-specific PCR, USP=unmethylation-specific 

PCR. 

 

Supplementary Figure S16. Immunofluorescence analysis for Vegfr2 on T and SEZ cells. Top. 

Immunofluorescence has been performed on T and SEZ cells isolated from three GBs (sp13, sp20 

and sp37). We could detect expression of Vegfr2 in all the cell populations. Bottom. A quantitative 

analysis of Vegfr2+ve cells suggests similar expression in T and SEZ cells from the same GB. Cells 

have been counterstained with DAPI (blue). Scale bars, 50 μm. 

 

Supplementary Figure S17. BrdU cell proliferation assay of control lines. Pattern of response to 

TMZ, Cisplatin and Cediranib of U87 and two different cell lines of human fetal neural stem cells 

(HFNSC and HFNSC1). U87, HFNSC and HFNSC1 have been subjected as controls to the same 

BrdU cell proliferation assays. As expected, U87 significantly respond to TMZ, Cediranib and 

Cisplatin. In contrast, HFNSC and HFNSC1 are resistant to all treatments. Asterisks indicate 

statistical significance. 

 

Supplementary Figure S18. A model of residual disease in human GB. (A) Residual disease in 

human GB can be found in the SEZ (blue cells), the tumor mass is indicated by red cells. 

Identification of residual disease in SEZ is based on visible fluorescence during surgery. SEZ and T 

cells are endowed with self-renewal ability and sphere-forming capacity in vitro. In vivo, all these 

cells generate tumors. When treated with drugs, SEZ and T cells from the same GB respond 

differently. (B) Table summarizing the major characteristics of T and SEZ. 

 

Supplementary Figure S19. Growth curve of cells from two SEZ in absence of fluorescence. 

Growth curve analysis of cells derived from non-fluorescent SEZ (sp2 and sp19) show that in 
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absence of fluorescence in the SEZ it is not possible to generate self-renewing, long-term expanding 

TICs. This material derives from two patients with no extension of fluorescence to the SEZ. 

 

Supplementary Table Legends 

 

Supplementary Table S1. Histological features of T and SEZ tissues. The table shows a 

summary of the histological values obtained from T and SEZ of the 14 patients included in this 

study. Necrosis: 0 = no necrosis and 1 = focal necrosis involving <20% of the tissue area. Tumor 

score: 0 = cellular tumor, and 1 = highly cellular tumor involving ≥70% of the tissue. 

 

Supplementary Table S2. Summary of the patients and samples used for the genomic analysis. 

(A) The table summarizes the samples collected for the genomic study and those available for gene 

expression and SNP array analysis. The “YES” and “NO” indicate samples with RNA/DNA 

available or unavailable (due to quality control failure) for the downstream genomic analysis. In 

total, we collected 14 patients out of the 42 and of these we included 9 patients for gene expression 

studies and 8 patients for copy number profiles (6 of whom were common to both analyses). (B) 

The clinical information of the 11 GB patients included in the genomic analysis are shown here. 

The corresponding samples have been used for genomic analysis and in vitro/in vivo assays. These 

patients were prospectively recruited through the neurosurgical research clinic. All patients had 

suspected high-grade glioma (HGG) on imaging review by a consultant neuroradiologist at the 

MDT. This study included 8 men and 3 women. Mean age was 63.8 years at diagnosis (range 55-

79). WHO performance status before surgery was 0-2. All the patients received 5-ALA 

preoperatively, three of them also received chemotherapy with Gliadel at the end of the surgery. 

Treatment post-surgery was chemo-and radio-therapy followed by chemotherapy (ChemoRT), 

whole brain radio-therapy (WBRT) or short course of radiotherapy (SCRT). Four patients did not  

receive any treatment. 
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Supplementary Table S3. Gene ontology terms bearing at least one differentially expressed 

gene between SEZ and T. Differentially expressed genes between SEZ and T were identified using 

the R package HDTD. The table shows gene ontology (GO) terms whose genes are differentially 

expressed. C= cellular component, F= molecular function, P= biological process. 

 

Supplementary Table S4. MGMT methylation level using pyrosequencing. A total of 16 

samples were subjected to pyrosequencing to assess the MGMT methylation status. The results 

shown in the table are based on the average % methylation of the first 5 CpGs sequenced. This is in 

accordance with the paper published by Quillien and colleagues ((25) of the Supplementary 

Experimental Procedure reference list). 

 

Supplementary Table S5. Summary of the survival of 8 GB patients and response to drugs by 

TICs from T and SEZ. The table summarizes the overall survival of the 8 patients whose TICs 

were used for the BrdU cell proliferation assay. The MGMT methylation status is taken from the 

pyrosequencing results. Of note, TICs from T of sp42 and sp52 were not sensitive to TMZ in vitro 

and in both cases survival was poor. M=methylated, u=unmethylated, y=yes, n=no, PE=pulmonary 

embolus, Rx=radiotherapy. 

 

Supplementary Table S6. Expression of PDGF and VEGF receptors in T and SEZ. There is no 

significant difference in  PDGFRA, PDGFRB and VEGFR2 expression in T compared to SEZ (our 

expression data lacks the information about VEGFR1 and VEGFR3). 














































































	Piccirillo12a
	121940_3_supp_0_nf6t5f
	piccirillo suppl. mat._Pagina_01
	piccirillo suppl. mat._Pagina_02
	piccirillo suppl. mat._Pagina_03
	piccirillo suppl. mat._Pagina_04
	piccirillo suppl. mat._Pagina_05
	piccirillo suppl. mat._Pagina_06
	piccirillo suppl. mat._Pagina_07
	piccirillo suppl. mat._Pagina_08
	piccirillo suppl. mat._Pagina_09
	piccirillo suppl. mat._Pagina_10
	piccirillo suppl. mat._Pagina_11
	piccirillo suppl. mat._Pagina_12
	piccirillo suppl. mat._Pagina_13
	piccirillo suppl. mat._Pagina_14
	piccirillo suppl. mat._Pagina_15
	piccirillo suppl. mat._Pagina_16
	piccirillo suppl. mat._Pagina_17
	piccirillo suppl. mat._Pagina_18
	piccirillo suppl. mat._Pagina_19
	piccirillo suppl. mat._Pagina_20
	piccirillo suppl. mat._Pagina_21
	piccirillo suppl. mat._Pagina_22
	piccirillo suppl. mat._Pagina_23
	piccirillo suppl. mat._Pagina_24
	piccirillo suppl. mat._Pagina_25
	piccirillo suppl. mat._Pagina_26
	piccirillo suppl. mat._Pagina_27
	piccirillo suppl. mat._Pagina_28
	piccirillo suppl. mat._Pagina_29
	piccirillo suppl. mat._Pagina_30
	piccirillo suppl. mat._Pagina_31
	piccirillo suppl. mat._Pagina_32
	piccirillo suppl. mat._Pagina_33
	piccirillo suppl. mat._Pagina_34
	piccirillo suppl. mat._Pagina_35
	piccirillo suppl. mat._Pagina_36
	piccirillo suppl. mat._Pagina_37
	piccirillo suppl. mat._Pagina_38
	piccirillo suppl. mat._Pagina_39
	piccirillo suppl. mat._Pagina_40
	piccirillo suppl. mat._Pagina_41
	piccirillo suppl. mat._Pagina_42
	piccirillo suppl. mat._Pagina_43
	piccirillo suppl. mat._Pagina_44
	piccirillo suppl. mat._Pagina_45
	piccirillo suppl. mat._Pagina_46
	piccirillo suppl. mat._Pagina_47
	piccirillo suppl. mat._Pagina_48
	piccirillo suppl. mat._Pagina_49
	piccirillo suppl. mat._Pagina_50
	piccirillo suppl. mat._Pagina_51
	piccirillo suppl. mat._Pagina_52
	piccirillo suppl. mat._Pagina_53
	piccirillo suppl. mat._Pagina_54



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




